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SUMMARY

In this report an account is given of the chemical characterization
o7 gasolines and exhaust. It is apparent that there are major
quantitative differences in gasolines. Emphasis has been made
tha* gas chromatography provides excellent separation of components
present in complex mixtures but that high resolution gas chromatography
must be coupled with mass spectrometry before structural assignments
can be made unambiguously.
Scveral approaches were used to analyse exhaust gases.
The method which was technically most straightforward involved
bubbling exbaust throngh cyclohexane. Material so obtained was
rich in the higher molecular weight (almost exclusively aromatic) f‘
components of gasoline exhaust. This portion of cxhaust contnins .
polycyclic aromatics which are of significant toxicological importance. j?
The cyclohexane trapping procedurc seems to offer great potential

for obtaining large samples sufficient for chemical characterization

and toxicity studies.
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fntroduct

A complete knowledge of the chemical structure of the individual
components of gasolines and automobi)e—gcnorated exhaust is essential
to the solution of today's air pollution problems. It would appear
that far too much rescarch is now bring carried out using vague Or
incorrect assumptions on the composition of both gasoline and exhaust.
We feel that the only satisfactory approacn to the analysis of thqsc
extremely complicated mixtures requires rigorous application of combination
gas chromatography-mass spectrometry (GC-MS) using high efficiency
capillary colums (1 - 4). Over the past 1% years we have used this

technique to make analytical comparisons of gasolines and their exhaust

products from an internal combustion engine.
During our analyses of gasolines we have been very surprised
at the extremely high concentration of aromatic hydrocarbons which are

present. Remcval of lead from gasoline would appear to be beneficial

to health. Hdwevér, a scvercly detrimental effect oﬁ air quality f
could result when such removal is accompanied by an increase in !
aromatic content. Such an approach is apparently bging used to retain
the original octane rating in modern gasolines following reduction
or removal of lead. Many of the aromatic compounds in gasoline, if
not in themselves tuxic or carcinogenic, might rcadily be converted
during combustion to harmful polycyzlic aromatic compounds (5).
Control of automobile exhaust emissions has been aimed at
reducing levels of compounds which can be easily measured (e.g.,

totat hydrccarbons, carbon monoxide and nitrogen oxides) (0, 7.
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"evices which alter the levels of such compounds are éurrently being
fitted to automobiles. However, the development of such devices
and their mandatory installation appear to have outstripped research
on detailed analysic of the alteration on exhaust composition that
they bring about. For example, a reduction of total hydrocarbons
would not be beneficial to health or to air quality if it were accompanied
by production of a greater proportion of more highly reactive or
toxic hydrocarbons at lower concentrations. |

Many analyses of gasoline (8, 9) and exhaust (10 - 12) recorded
in t'2 literature rely on "identification" by gas chromatography (GC).

Umfortunately, while GC affords excellent scparations, even tentative

identification of compounds by tiis method alone is ambiguous and

should always be used with extreme caution. On the other hand, when

the cxcellent resolution df GC is combined with mass spectrometric
identification of separated compounds, one then has an analytical
system with unique capabilities. The fundamental advantage of the
dymamic coupling of gas chromatoéraphy with mass spectrometry is
t}, 1+ the effluent can be monitored continuously, and mass spectra
recarded in relation to defined retention times. Additionally, such
a «combinazion-instrument can provide resolution and structural information
am microgram 2nd even nanogram samples (4), making it a very powerful
tool for projects and applications such as the one described here.

The chromatographic liquid phases used in this projecu were
ewvaluated using ga:zoline. The gasolines we have studied have been
. ¥pund to be mixturc= of aliphatic hydrocarbons (straight-chain, branched-
<hain and cyclic), N;;Oo and bi-cyclic aromatics and, at lower concentrations,

aliphatic olefins. The carbon distribution is between C. and C,,




amd for cach carbon number a certain number of isomeric compormds caist.

It one considers the saturated aliphatic hydrocarbons of the moleoai

formula C(H (the hexanes are major components of gasolines), tive
]

14

tsomers are possible as shown in Table I.

Table . lsomers of sclected aliphatic hydrocarbons.

Hexanes C h
s Ll g Name

LHELHZLHZLHELHE(J% n-hexane

CH_CHCH CHCH
527 2y 3

Citg

2-methvipentane

(Jlst.llz?ll(,llz(,ll3

A
(13

3-methylpentanc

%HB
_(.’Il3CH2(l:CH3 . 2,2-dimethylbutane

CH,
CHCH — CHCH, 2,3-dimethylbutane
a, o

3 3
| L7H16 Heptanes - CG”IZ Hexenes, cyclohexane, methylceyclopentane -
9 isomers © 19 compounds
" _ _ .
bgﬂls Octanes C7H14 Heptenes 36 isomers

18 isomers

Also shown in Table I are the number of possible isomers

with the general formula C7”16 and CS“IS‘ Introduction of one degree

of unsnaturation (doubic bond or ring) into a C, molecule results in

6




19 compounds, while one clefinic bond ir a {._-acyclic polecule tumishes

%6 isomers. A parallel situation exists in the case of aromatic

compounds. There are four iscmers with the genoral formula PhC H_.*®

- 2

namely ethylbenzene, o, @ and [ xvlene. eight compounds of the formuia

PhC_H

sHg» and twenty-two PhCJHq compounds. Thus, in both the aiiphatic

and aromatic series, increasing molecular wzight results in a dramatic
increase in the number of possible.iscmers ané an increasingly difficuit
separation problem. Since compounds 1n gaselines lie 1n the QS to

Clz range, it is imperative to use high efficiency capillary GC columns
so that these isomers can be separated.

Many of the silicone liquid phases commonly used in gas
chromatography, while pcrforming,wéll in the range of 50 - 250°C.
become highly viscous and/or scmijsolid at ambient and saib-ambient
températures. It was found that efficient separation‘of the lower
molecular weight componcnts of gasoline required use of a squalane
(an isoprenoid hvdrocarbon of formula CSb"ﬁZ} column.

Although squalane has an unparallecied ability to function at
low temperatures, columns prepared using it as a l.quid phase have
an upper temperature limit of 90°C. Unfortunately for convenient
analysis times an upper limit of 90°C is tco restrictive for cospounds
higher in molecular weight‘than heptane or toluene. Accordingly
a different GC column, OV-101, had to be used for the higher molecular
weight compounds. This silicone liquid pnase, although unable to

match the separating power of squalane for low molecular weight compounds,

* Ph z phenyl C6H3




can be programmed o JE0°C without <ertous deterinration and gives

eacellent separation of L, e “50 hydrocarbons.

There is an easily recognizable overlap of the (hromatograms
produced from thesc two liquid phases (vi:z., squalane and OV-i01)
wher they are used 1n sequence for analveis of the same gasoline.
Teluene, the most abundant single component in all of {he gasolines
anabyzed, has proved te bhe an excellent marker zompound 1 the overlap
area.

Unce separated Ev GC the individual bydrucarbons are subj cted
te mass spectrometry. White.diffcrcntlatxnn between a hexane and
a heptane, for example, is readily achieved 1t ts not always possible
TO diﬁtinguish one i1zcomer from another since thein fragmcn'Jlen
patterns are frequently similar. However, in this prcject where
the GC retention time of particular isomers was known from reference
compounds, structural assignments couid be made without ambiguity.

T date we have retention data on C., C,, Cg, C  and C. acyclic alkanes,

5 76
(4' (.. and C5 olefins, as well as cyclopentane, cyclohexane, methyi-

oolupentasie, the five dimethyicyelopentanes and toluene.

EXPERIMENTAL

A. Chromatography

High efficiency capillury columns are prepared by coating

‘a liquid phase on the int=rnal wall of a long tube (100 ft to 1 mile)

of narrow bore (0.005 ¢to 0.02 in). The columns are generally constructed

from copper, glass, stainless stcel or nyloen. Although copper tubing

-

has been used by many investigators, oxidation at high temperatures




t1mits its usefulnes<. Stainless steel tubing was chosen for the

present investipation because of its high mecharmcal and thermal
stakility, fcatures nnt enjoyed by glass and nylon respectively.

The columns used were 600 ft x 0.0. in. cceated with squalanc and 100
ft. x 0.0l in. coated with QV-101.

(i) Preparation of cofumns for coating. tini form bore stainless

“steel tubing (0.01 in. internal diameter) was cbtained commercially

vitandy and Harman Tube Ce., P.O. Box 549, Norristown, fenn., EEPLIERIN
Uniform voating. which is essential in the preparation of hign efficiency
capillary columns, can only be obfaincd if the column has been thoroughly
cleancd internally to free it from the extrusion lubrirants used
in the course of tube manufacture.

Cleaning solutions were passed, under pressure trcm a stainleés
.teel reservoi~, through 100 ft. lengths of the ;Qbing. For squalasne
columns the fcllowing cleaning sequence was used: 10 ml each of: 50%
aqueous nitric acid, distilled water, aqueous.ammonium hydroxide,
di:*illed water, acetone and heptane. Columns for use with QV-101

11quid phase were cleaned with 10 ml of toluene:chloroform (1:1 v/v).

(ii) Coating of capillary columns. Squalane (Robeco Ch¢micals.
Inc., 5! Madison Avenue, New York, N.Y. 100i0) 1in heptane solution
{10% w/v) was forced through the ;ubing using 5-10 psi nitrogen pressure.
The gas pressure was applied to the column overnight, this usually
being sufficient to force the liquid through the column and to evaporate
the remaining solvent.

Silicone liquid phases are extremely difficult to coat uniformly

on stainless sgecl. However, trecatment of the metal surface with

a long-chain quaternary ammoiiium compournd or a compound such as benzyl-

e
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triphenylphosphonium chloride results in the formation of an organic
monolayer to which the silicone liquid phase adheres.

Benzyltriphenylphosphonium chloride (0.02g; Aldrich Chemical

i
g - 2

Co., Milwaukee, Wisconsin) and OV-101 (0.5g; Pierce Chemica) Co.,

r's dmaenman ek

Rockford, Illinois) were dissolved in 6 ml of - -luene:chloroform

(1:1 v/v). The solution was allowed to stand for 15 min. and filtered
~ through a plug of glass wool to remove any solid material, 4.5 ml

of the filtrate then being used to coat the tubing by transfer from

a stainless steel reservoir operating under a head pressure of 20

psi. The solution eluting from the column was collected in a measuring
cylinder. Coating normally took i - 2 hours and afterwards nitrogen
was allowed to flow tbrough the column at the same pressure for 12

hours to cvaporate the residual solvent.

(iii) Column conditioning. Squalane columns were conditioned
by programming the temperature from ambient to 90°C at 0.5°/min.
using a flow rate of 2 ml/min carrier gas (set at ambient)j. The
maximum temperature was maintained for twe days before the column
was ready for use.

Using a carrier gas flow -:ate of 2 ml/min (set at ambient
temperature) the following condi:iéning szquence was used for OV-10l

columns:

ambient to 100° (at 0.5°/min), maintained at 100°
for 12 hours

100° - 200° (at 0.5°/min), maintained at 200° for
12 hours

200° - 270° (at 0.5”/min), maintained at 270° for
4 hours

i
!
]
1
H
¢
H
\
%




(iv) Colurn resolution.

Fipure 1.

~ /W N

The efficiency of columns was calculated using the following equation:

R 12
n =16 [-E-]
W

where n is the total number of theoretical plates, Rt is the retention
time of the peak and W is the width of the basz of the peak measured
in the same units as Rt' (See Figure 1.)

The squalane column used in the present work was 600 ft.
x 0.01 in. with an efficiency of 120,000 theoretical plates optimized
and determined using n-pentane at 30°C with a helium flow rate of
0.25 ml/min. The column consisted of four 100 ft. x 0.01 in. and
one 200 ft. x 0.01 in. lengths of tubing (joined by minimum dead-volume
connectors) each of which was chosen for its optimized total number

of theoretical plates.

(v) Gas chromatography instrumentation. Analytical GC was

carried or. on a Varian Aerograph 2740 gas chromatograph specifically i
purchased for the project. This instrument, designed for cual column,

dual flame ionization detector operation, was not employed in a dual




\

column mode in this investigation. . Instesd, one injecter was modified
to reduce its internal volume rendering it compatible with high efficiency
capillary columns while a variable injection spliiter was added to

the other injector to allow transfer of sub-microliter quantities cf
gasoline to capillary columns. Additionally capillary lines were
installed between the column outlets and the detectors to reduce
dead-volume and preserve column efficiency. A six-port gas sampling
valve was installed to permit injection of measured amounts of exhaust
gas. To prevent leaks in GC-MS operation Cajon ultfa-high vacuum
couplings (Cajon Company, Solon, Ohio 44139, Model No. IVCR with

1/16 in. tubes) were attached to the ends cof afl capillary colummns:

in this respect these couplings were found to be far superior to

the more conventional Swagelock fittings.

(vi) Sub-ambient operation of gas chromatogragh. At a late

stage in the course of the project it became apparent that sub-ambient
GC operation was absoliitely essential for the separation of the low
molecular weight components of gasoline. Commercial attachments
utilizing liquid ritrogen are available but insufficient time and

lack of funds precluded the installation of such a device on our
chromatograph. Placement of dry ice in the oven of the chromatograph
(making sure that the pieces did not touch the column causing 'cold
spots'’) enabled prpgramming to be conducted in a reasonably controlled
manner from 0°C. However, linear programming from sﬁb-zero temperatures
was not possible without installation of a new pyrometer and alteration
of the electronics of the temperature programming device. As a result
reproducibility of sub-zero operation was difficult if not impossible

to achieve.

[

:
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B. Gas Chromatography-Mass Spectrometry (GC-MS)

Most commercial GC-MS combination instruments utilize a so-called
"molecular separator' at the interface ~f the ga, chromatograph and the
mass spectromcter. Such a device s necessary to rcmove the bulk
of the GC carrier gas before delivery of the separated components
to the high vacuum source of the mass spectrometer. Most molecular
separators suffer from the disadvantage of having a very large internal
volume and they are not, therefore, altogether suitable fcr use with
high efficiency capillary columns. In our GC-MS instrument , however,
the addition of an extra large sourcc diffusion pump enables the
total effluent of the chromatograph tc be taken directly into the
icn source of the mass spectrometer. In this way the high chromatographic
resolution is maintained. A schematic diagram of the GC-MS instrument
is <hown in Figure 2. The gas chromatograph described in A(Q) above
was used in the GC-MS operatior, the GC effluent being diverted, with
the GC vent valve closed, through the mass spectrometer isolation
valve V1 into the mass spectrometer. Both valves were located in
a heated box thermostaticaily maintained at 250°C.

The mass spectrometer that was used is a DuPont Model 21-492-1
(DuPont Instrument Division, Monrovia, California), designed specifically
for high resolution, high sensitivity GC-MS andlysis. It has a double
focusing analyzer (95° electric sector and 90° magnetic sector geometry),
with a conventional electron bombardment source. Differential pumping
of the source and analyzer is achieved using two all stainless steel
diffusion pumps. A 4 in. diffusion pump is connected to the source

via a 4 in. pumping lire while the analyzer section is pumped using

L ), Yo A A, TR Y 3 S
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a conventional 2 in. diffusion pump. The pumping speeds for helium

of these two diffusion pumps are 1500 1./sec and 250 1./scc respectively.

C. Reference Compounds (list of available compounds in appendix)

GC retention data were obtained on the 600' squalane column
for the compounds in Tables (IT and IV. Since, to avoid ambiguiLy;
only one compound at a time can be injected into the column some
60 consecutive GC runs werc required to obtain thcichromatograms

of reference compounds shown in Figures 4 and 5.

D. Gasoline Sampling

The gasolines used in the investigation were as follows:

* Shell of the Future
Shell Super Regular
Shell Premium
Chevron Unleaded

Chevron Supreme
Since gasolines supplied by gas stations vary from day to day, purchase
of small quantitie, only when required would have been inappropriate.
Consequently gasolines were sampled from 55 gallon drums (cbtained
directly from the oil companies). Aliquots (250 ml) were siphoned
from the center of the drum to obtain representative samples and,
once removed, were stored .i: a rafrigerator in tightly stoppered

glass bottles to avoid the }oss of "light-ends'.

E. Engines
Although three engines, viz., a CFR (Cooperative Fuel Research),

—

* Marketing of §he11 of the Future stopped on August 27th, 1972;

’

it was immediately replaced bty Shell Super Regular.
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an Oldsmobile V-8 snd a Mazda-Wankel rotary engine werc available
to the project, time permitted only cxhaust samples from the CFR

engine to be examined. The CFR engine is a single-cylinder engine

with ¢ variable compression ratio achieved by adjustment of the cylinder.

The engine is coupled to 3 dynamcmeter #hich is used to control the

engine speed. The engine was operated with the parameters shown:

BOTE . « o o o o e e e 3.25 in. diameter
Stroke . . . . - R FE-T LIE
Displacement . . . . . . - - ot ot 37.33 cu. in.
Compression ratic . . . . .« - - - 7.5/1 *

Fuel/ Air ratio (by weight) . . . . - 0.0795/9.8
[gnition timing . . . . .« - o - - 10° before top dead center
Horserower output . . . . . ocoe oot 7.9

fonlant tcmperature . . . - . - -t 210°F

Air inlet temperature . . . .« . ¢ ¢ 125°F

0il temperature . . . . - -« 165°F

Inlet manifcld air pressure . . . - 30" Hg

Engine speed . . . . . S . . . . . . 1800 rpm

f Exhaust Gas Sampling

Several methods were used to obtain samples of exhaust gases
emitted by the CFR engine running on Shell of the Future gasoline
under the conditions given in E above. The CFR engine, located in the
Enginc Laboratory of the Mechanical Engineering Department at u.C.
Berkecley, is fitted with an exhaust sampling port which allows a

portion of the gas flowing through the exhaust manifoid te be diverted

[

+ The compression ratio of 7.5/1was chosen for use witn Sheil of
"the Future, which is an unleaded fuel, to stay away from a ratio

at which incipient knock would occur.

-
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through a 1/8 in. tube. This 1/8 in. tube is positioned at the center

of the erhaust manifold and is downstreanm from a series of mixing
baffles. The exhaust under normai operation oy the CFR engine is removed
by a sligh® nsacuum" into the effluent stack of the Engine Laboratory.
Theretore during trapping of exhaust it was necessary to reduce the

flow of gas to the effiuent <tack using a valve especially jnstalled

for this purpose. Closing this valve to an appropriate extent forred
exhaust gas to flow through the 1/8 in. sampling line. txhaust

gas flowing through this sample line was collected in the following

ways:

(i) Evacuated glass bulb. A cylindrical glass bulb (approximate

volume - 100 ml) was attached to 1/8 in. stainless steel tubing by
a Kovar glass to metal seal. An all steel Nupro valve (Nupro Co.,
Cleveland, Ohio, Model No. SS-4BW-SW) was located in the stainless
steel tubing. Prior to use the glass bulb was rigorously cleaned
with appropriate chemicals and solvents and in the final stage alternately
filled with nitrogen and evacuated. 1n the evacuated condition the
bulb was immersed in liquid nitrogen and connected to the 1/8 in.
exhaust sampling line through which exhaust had previously been passed
until an equilibrium temperature was judged to have been attained.
The Nupro valve was opened allowing the previously evacuated bulb
to fill with exhaust gas. The bulb was then carried to the Chemistry
Department for analysis of the exhaust.

| it soon became apparent‘hovever that cooling the bulb in
liquid nitrogen had serious disadvantages. The original idea of using

a liquid nitrogen-cooled bulb was to reduce the interaction of exhaust

components. However it is likely that this approach resulted in




an increase rather than in a reduction of such interactions. This

is believed to be the case since the exhaust components condensed

on the glass surface of the bulb (in which situation they would be

more proximate to one another than in the gas phase) will react extensively
during the extended period which elapses while the vessel is allowed

to warm up to, or is heated to, room temperature. After the vessel

had reached rvom temperature the contained gases were withdrawn with

a syringe, through a septum fitted to the stainless steel tubing,

and injected onto a GC column.

(ii) Aluminized Mviar bag. A sample of exhaust was collected

from the CFR engine in an aluminized Myiar bag which when deflated
measured 12 in. x 17 in. The bag had previously been alternately filled
with nitrogen and evacuated. The bag was attached to the exhaust
sampling line in the evacuated state and after filling was brought

to th: Chemistry Department. The bag was then connected to a Valco
six-port gas sampling valve and ihe exhaust transferred, by deflating
tke bag, into a 0.5 ml gas loop. The contents of the 0.5 ml gas loop
were then injected intc the GC-MS system but all organic components
in the exhaust were completely masked by carbon dioxide and water.
The carbon dioxid: and water were derived froa the exhaust since

a previous run in which the Mylar bag was filled with high purity

helium produced no response in the mass spectrometer.

(iii) Gas sampling loop attached directly to CFR engine.
To ascertain what changes in exhaust composition take place by interaction
of exhaust components after emission from the CFR engine the GC instrument

was taken to the Engine Laboratory in the Mechanical Engineering

Department. The CFR engine exhaust iine was connected to the six-port




gas sampling valve through a minimun iength of stainless stcel tubing.

Emitted exhaust was then allowed to pass through the gas sampling valve
(while set in the '"oad" position) until an equilibrium condition was
judged to have been attained. At this point the 0.5 ml of exhaust gas
was immediately injected onto the GC column. In a subsequent experiment
exhaust gas was allowed to remain in the sampling loop for 10 minutes
and was then injected onti the GC column. The GC traces obtained

in these two cxperiments were substantially Jifferent.

T

(iv) Use of a GC column for trapping exhaust. A possibie

method for traoping exhaust involves the use of a short length of

GC column. Gases flowing directly from the exhaust manifold into !
a short GC column would be expected to be subjected to chromatography
and after a certain time, assuming the exhaust composition is constant,
a steady state condition would be attained. Attachment of this trapping
column to an analytical column should then fumish a chromatogram

that is representative of the emitted exhaust from the standpoint

of components present. It is unlikely of covrse that the relative
amounts of components will be the same as exists in the exhaust as
initially emitted since, for example, there would be a bias in favor

of strongly ébsorbed components over those that are weakly aﬁsorbed.

Initial experiments were carried out using various lengths

of 0.0l in. Apiezon L capillary column which was mounted between

two toggle valves. This system was found to have very poor trapping
efficiency and also had a tendency to be plugged by particulate matter
from the exhaust. In subsequent experiments the very narrow capillary

column was repleced by a chromatographic column consisting of a 3

in. x 1/8 in. stainless steel tube packed with 3% JXR on Gas Chrom Q
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(er - 80 mesh). The tube wasz wrapped with heating wirc o that 1t
could be rapidly heated to 20G%. cnabling the trapped components
to he :luted as quickly as possible

During trapping, the exhaust gas €from the CFR cngine was
allowed to pass through the JXR column for a period of 10 minutes.
Afte~ this both vslves‘were simultaneously closed, the tube brought
to the Chemistry Deparvment and placed in series with the column
selected for chromatography. Analysis was initiated by heating the
trap to 200°C and opening the inlet valve to allow helium into the
system. The outlet valve was then opened allowing the carrier gas
to flush the exhaust sample onto the analysis column in a discrete

plug.

(v) Cyclohexane trapping. Since we were interested in examining

the higher molecular weight fraction of the exhaust the next trapping
proccduré involved bubbling the CFR engine effluent for 15 min. through
spectroscopic grade cvciohexane (0.5 1) contained in a gas quhing
bottle. The cvclohexane, which became cloudy due to the presence

of water and which it was observed containeu suspended particulate
matter (c.f. F(iv) above), was transferred to a round bottom flask

and concentrated to 10 ml on a rotary evaporator. (Since the azeotropic
composition of cyclohexane:water is €1.5:8.5 concentration of the
cyclohexane resulted in complete removal of water.) The 10 ml cyclohexane
was filtered: an ultraviolet spectrum of the filtrate indicated the
presence of a substantial amount of aromatic material. Complcte

removal of the cyclohexane furnished S mg of material which was disselved

in heptanc. A '"solvent blank" was obtained by evaporating 500 ml
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of spectroscopic Lyclohexane and dissolving the residue in the same

volume of heptane as the material obtained from the exhaust.

NESULTS AND DISQUSSION

A. Gasoline Analysis

As noted in the introduction to this report it was found
necessary to use a dual column approach to analyse gasolines hecause
it was not possible to achieve high GC resolution ovef a carbon range
of I to 12 with only one GC column. Frequently dual column analysis
can be performed by injecting a sample onto a column which is eluted
until the low-boiling components have been detected. The flow in the
column is then reversed and the high boiling components contained in
the cclumn are backleShed oﬁto a further column which is suitable for
their separation. Backflushing requires auxiliary equipment which is
rot necessarily easy to instal and to render‘operable in a short
space of time. However, we were precluded from using such a technique
in this project for 2a further reason. Since the analysis o{ the low
boiling components of gasoline was carried out with temperature programming,
backflushing of the column did not eiute the high boiling components
as a single peak. Instead the high boiling compounds, on backflushing
(by manually reversing the column), were spread out over an extended
period of time (often in exces< of an hour). To effect even reasonable
resolution, mixtures need to be injected onto a GC column over a shoft
time spanr so clearly backflushing was not applicable in this instance.

Analytical GC traces were obtained on the low molecular weight

components of five gasolines using a 600 in. x 0.0l in. squalane column.

For each gasoline, namely, Chevron Unleaded and Chevron Supreme (marketed




by Standard 011 of Calitornia), and Sheil 0il Company's Sheil Premiunm,

Shell ot the Future and Shell Super Regular, the column was linearly
proegrammed and maintsined at 80°C until the elution of toluene. Figure 3
shows the five chromatograms cbiained from the squalane column. Peak 51
cerresponds to toluene in each of the five traces and was found to be the
marwv. single component in all of the gaso.ines studied. ldeally one
would quantitate peaks such as peak S1 since, as may be observed from
« .aminaticn of Figure 3, the gasolines have many peaks in common but
the relative concentrations are quite different. Clearly quantitation
of individual peaks is necessary for describing and comparing these
gasolines cxactly, but manual triangulation is certainly not applicable
and a commercial integrator would be required.

Nonetheless it is possible to make some general comments on
the apparent differences t=tween the "low ends” cf the gasolines studied.
For example using an cn-scale peak such as 6 (Figure 3), and bearing
in mind the attenuation changes in the GC traces, it is c;ident that
the two Chevron gasolines contain substantially more of the :omponents
in peaks 2, 2a, 4 and 5 than do the Shell gasolines. [Since GC-MS runs
werc only obtained on Shell of the Future, positive structural assignments
have n>t been made to peaks 2a, 4, 5 and 6. However, on the basis of
exact GC retention data obtained on reference compounds they would appear
%o be isobutene/butene-1, trans-butene-2, cis-butene-2 and 3-methylbutene-1
respectively.]

For the five gasolines, comparizon of the relative intensities
of peaks 12 and 13 (GC-MS identification in Shell of the Future: 2-methyli-

~

butene-2 and I,l2-dimethylbutane respectively) indicates that Shell of

-
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Figure 3. Gas chromatograms of low molecular
weight components of:
Shell of the Future
Shell Super Regular
Shell Premium
Chevron Unleaded

Chevron Supreme

L Column: 600' x 0.01 in. squalane
Conditions: 0 - 80°C programmed at 0.5°C/min
Flow rate (heliuvm) - 0.25 mi/min (set at ambient temperature)

Injection temperature 180°C

Detector temperature 195°C
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the Future has a much lower concentration of 2-methylbutene-2 than the
other gasolines. Of the lower molecular weight olefins, 2-methylbutene-2
has been dctermined to be one of the most photochemically reactive
compounds and is considered a major contributor to smog formation (13).
Unfortunately, at least from this one particular standpoint, marketing
of Sheli of the Future was terminated August 27, 1972, when it was
immediately replaced by Shell Super Regular. Clearly this replacement
will have an effect on smog formation since the concentration of
2-methylbutene-Z in the air will be increased by evaporative emissions
and by its presence in automobile exhaust, 14% of which, we estimate,
based on data presented by Starkman (14), is fuel derived. 1in a general
way it appears that this replacement of Shell of the Future by Shell
Super Regular will have resulted in increasing concentrations of photochemically
active compounds since there are higher concentrations of olefins in
Shell Super Regular than in Shell of the Future, viz., peak 9
(2-methylbutene-1), peak 12 (2-methylbutene-2) -- both identified by
GC-MS, peak 14 (4-methylpentene-1), peak 15 (3-methylpentene-1), peak

16 (4-methy1-gig—pentene—2), peak 17 (2,3-dimethylbutene-1), peak 21
{2-methylpentene-1), peak 23 (trans-3-hexene and/or cis-3-hexene and/or
2-ethylbutene-1), peak ZSl(EIEEE;3—methy1pentene—2)'—- all tentatively
assigned on the basis of GC retention times.

Many other interesting differences are apparent between the
gasolines although the significance, if any, might not be as worriﬁomc
as that just discussed. For example, peak sl (cyclohexane, GC-MS
identification) is considerably larger with respect to peak 30 (3,3-

dimethylpentane -- GC-MS) in Shell of the Future than it is in Chevron

_Supreme and Shel} Premium. These and other differences, and less obvious

'« tentative assignment since confirmed by GC-MS
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ones, would be readily discerned with appropriate integration.

The mass spectral data from GC-MS analysis of gasoline and the
GC rete-ticn data obtained for reference compounds were not compared
until all experimental work had been completed. In this way mass spectral
structural assignments were not influenced by the GC data and were made
solely on the basis of comparison to the reference mass spectral compilation
of Cornu and Massot (15). Subsequently the GC and GC-MS data were
correlated allowing thc identifications to be confirmed.

The mass spectral data obtained from the low molecular weight
end of Shell of the Future gasoline during GC-MS analysis are shown
in Table II. Structures were usually assigned by comparing the relative
intensities of the six principal ions in the mass spectrum of cach GC
peak with corresponding data from the literature However, in some
instances it proved necessary to use the ten most abundant ions. It
was found that such a comparison was sufficient to make unambiguous
structural assignments for the compounds listed in Table 1I. For each
chromatographic peak shown in this table we have listed the molecular
ion obtained in our GC-MS studies and the six most abundant ions in the
mass spectrum with their relative abundance in parenthesis. Directly
below is a similar tabulétion for the corresponding reference compound
published by Cornu and Massot. |

Mass spectra obtained for a given compound vary from onc mass
spectrometer to another and also vary depending upon the mode of sample
introduction, e.g., GC-MS, batch inlet. Using GC-MS the sasple concentration
in the ion source alters continuously during the scan time of approximately
five seconds. As a result the spectra represent the average composition

of the chromatographic peak during the scan time. On the other hand
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the Cornu and Massot spectra were obtained by introduction techniques

where the sample concentration remained constant during scanning. Nevertheless,
for the compounds given in Table I1, the agrceament 1is axcellent between
spectra obtained in our GC-MS runs and those recorded in the literature
compilation even though these data wev -ttained from a number of different
laboratories and instruments.

Furthermore when the mass spectra. structural assignments (Table
I1) were subsequently compared with assignment: made on the basis of
GC reference compound studies, agreement was complete. Figure 4 shows
the GC trace cbtained on a reference mixture ot CS' Cd' CS’ Cb‘and C7
alkanes, cyclopentane, cyclohexane, methylcyclopentane, the five isomeric
dimethylcyclopentanes and toluene. Table 111 lists the compounds given
in Figure 4. Those compounds assigned numbers in Figure 4 coincide in
retention time with the corresponding peaks in the GC traces of the
gasolines shown in Figure 3.

peak 26 in Figure 4 consists of 2,2-dimethylpentane and wmethyl-
cyclopentane while peak 36 is composed of 3-ethylpentane and l-trans-
3-dimethylcyclopentane. Since these peaks are complete;y symmetrical
it peints out quite clearly the danger of assigning structures by GC
aloﬁe. (An example 1S given below of a symmetrical peak which containﬁ
three components.) GC-MS data obtained on both of the potentially two-
component peaks in Shell of the Future show that peak 26 is principally
methylcyclopenténc and peak 36 is predominantly 1—Ezgggfs-dimethylcyclopentane.

In Figure 4 there are four components indicated by name. On
the vasis of comparable retention time, peaks 28, 33 and 37 (in Figure

3) were tentatively assigned the structures 2,2,3-trimethylbutane.

2,3-dimethy1pentane/1,l—dimethylcyclopentane and 1-trans-z-dimethylcyclopentane
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respectively. However GC-MS analysis showed in fact that peak 28 in
Figure 3 was benzene, peak 33 was :,E-dimcthylpentane, with little if
any 1,l—dimethylcyclopentane, and peak 37 was not 1-55§§§72-dimethyl—
cyclopentane but more likely a heptene for which there are 36 isomers.
Figure 5 shows a GC trace of selected referenée alkanes (peaks

1, 2,3, 7, 10, 13, 19, 20 and 24) and all the possible Cd’ C5 and C6
olefins (four, six, and seventeen compounds respcctively) togetieT with
cyclopentane. These compounds are listed in Table IV. Certain of these

olefins in Shell of the Future were identified by GC-MS and in thesc

instances they are listed by numbers in Figure 5, €.8.» peak 9 (Z—methylbutene-l),
peak 12 (Z-methylbutene—Z) and peak 25 (EEEEE:3—methy1pentepe—2).
(A Cyclopentane (peak 18) has also been'identified by GC-MS. Peak 2a has
becn tentatively assigned to butene-1 and 2-methylpropene-1 on the basis
of GC retention. GC-MS analysis of this peak in Shell of. the Future
gasoline was not possible in any of the runs conducted because of the peaks'
small concentration.
It would be possible to identify peaks such as 23 and others
arising from the presence of low concentrations of components, i.e.,
4, 5, 6, 8, 11, }4—17, 21, 29 and 38 in Shell of the Future gasoline
by conducting GC-MS on larger amounts of sample. There is of course
an upper limit to the size of sample that can be used. Too large 2
sample would adversely effect the separation of peaks -that are only
marginally resolved. At present we are only able to speculate (on
the basis of GC retention data) that peak C (Eigfbutene~2) for example
in Figure 5 corresponds tc peak 5 in the gasolines (Figure 3) and

so on. The other tentative correspondende of lettered and numbe red

P

LS
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Figure 5.

Gas chromatogram of reference compounds

listed in Table IV. Conditions as for

Figure 3.
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seaks of Figures 5 and 3 respectively are.shown in Table V.
Peaks M (Ezggffhexene—Z and 2-methylpentene-2) and peak N (cis-
hexene-2 and Eig;3-methy1pentene-2) in Figure 5 do not appear in the
GC trace of Shell of the Future (see Figure 3) and in the GC-MS the
n-hexane (peak 24) is in such high concentration that these unsaturated
componenfs were not detected. However in the GC traces of the gasolines
other than Shell of the Future, peaks are evident on either side of
peak 24, indicating the possible presence of at least two of the
four hexenes in peaks M and N.
In a similar way the methylcyclopentane of peak 26 in Shell of
the Future is in such high concentration that it is not possible to
tell whether any 2,3-dimethylbutene-2 (peak C in Figure 5) is present.
It should not be inferred from the abecve examples that minor
components of two component peaks cannot be identified by GC-MS.
Such identification is possible using a GC-MS data handling system which
has the cazpability of deducting one mass spectrum from another and
which can also increase the speed of scanning so that more scans can
be obtained in traversing GC peaks. While not evident from tﬁe arpearance

in Figure 5 of peak L, which .is. off-scale, a GC run conducted at a

higher attenuation setting showed that this three component peak
(Eiﬁ;hexenenSE Eiéﬁifhexene—S and 2—ethy1butene»i) is completely
symmetrical. This again'indicates the ambiguity of assigning structures
on the basis of GC algne.

Analytical GC traces were obtained on the high boiiing (largely
aromatic) components of the gasolines using a 100 ft. x 0.01 in. OV-101

column. The chromatograms are given in Figure 6.
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Table V. Correspondence of GC Retention Time of Gasoline Components

and kefercnce Compounds

Identification Corresponding
Number of peak peak in refer-
in gasolines ence compounds
(ses Figure 3) (see Figure 5) Reference compound(s) injected
2a 2a butene-1
2-methylpropenec-1
4 7 --
5 C cis-butene-2
6 D 3-methylbutene-1
8 E pentene-1
10 F tians-pentene-?
cis-pentene-2
11 G 3,3-dimethylbutene-1
14 [ 4-methylpentene-1
H
15 3-methylpentene-1
16 I cis-4-methylpentene-2
17 J 2,5~dimethylbutene-1
21 K ‘4—methylpentene—1
23 L trans-hexene-3

|

cis-hexene-3
2-ethylbutene-1




Figure 6. Gas chromatograms of high molecular
weight components of:
Shell of the Future
Shell Super Regular
Shell Fremium
Chevron Unleaded

Chevron Supreme

Column: 100 f1. x 0.0l in. OV-101

Conditions: Flow rate 2.3 ml/min (sect at ambient
temperature)

Injector temperature 220°C

Detector temperature 270°C

Program: 0 - 3°C at 0.5°C/min
3 - 8°C at 1°C/min
8§ - 12°C at 2°C/min

12 - 76°C at  4°C/min
76 - 96°C at  6°C/min
96 - 110°C at  8°C/min
110 - 170°C at 10°C/min
170 - 250°C at 20°C/min
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As noted previously, toluene, marked as peak 51 in these traces,

acted as an indicator of the point at which the low molecular weight
(Figure 3) and high molecular weight GC traces (Figure 6) overlap.
Shell of the Future gasoline was examined by GC-MS; the total
ion current chromatogram obtained is shown in Figure 7. This total
ion current chromatogram is equivalent to a GC trace obtained using
a flame ionization detector except in this éase the mass spectrometer
was used as the detector. The difference between the appearance of
Figure 7 and that of Shell of the Future gasoline as giveﬁ in Figure 6
is a function of different temperature program rates (resulting in
changes in resoiution) and not of different methods of detection. i
In Figure 7 the most prominent peaks have been numbered but in
addition there are many other peaks. Bearing in mind that even symmetrical
peaks can consist of three components (e.g., peak L ir Figure 5) this
gives some idea of the enormous complexity of the analytical problem
with which we are dealing. Certainly an estimate of 200 components
in this, and possibly other gasolines, is not unreasonable.
Table VI lists numbered peaks in Figure 7 which have been assigned
structures. Because time did nct permit the injection of reference

hydrccarbons to obtain retention data on these higher boiling components,
and since in many instances reference mass spectra are not available

it was not possible to assign definite structures in many cases. By
definite in this instance we refer to positions of alkyl substituents

on the benzene ring and the detailed structure of alkyl side chains.

Most of the numhered peaks given in Table VI are aromatic and

include benzenoid compounds to which alkyl substituents are attached.

Thus peaks 63, 64, 65 and 67 in Figure 7 (and Figure 6) are ethylbenzene

-
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and the three xylenes; peaks 77, 78, 79, 81 and 84 are C3—substituted
benzenes (of which there arc eight isomers) and peaks 87, 88, 89,

90 and 93 are Ca—substituted benzenes. Since there are twenty-two
compounds with the formula PthH9 the magnitude of the problem of
assigning definite structures to members of this group can be realized.
Such definitive identifications can only be arrived at after careful

correlation of chromatographic and mass spectral data.

B. Exhaust Gas Analysis (CFR engine, Shell of the Future gasoline)

Examination of the ultraviolet spectrum recorded for an
aliquot of the concentrate from the cyclohexane trap showed an intense
but broad absorption band ét 240 - 280 nm (cyclohexane), characteristic
of the presence of aromatic material. However, the broadness of this
absorptioﬁ band suggested that we were dealing with a complicated
mixture. This idea was borne out by examination of the concentrate
by gas chromatography and, as detailed below, by thin-iayer chromatograpny.

Tigure 8 shows a total ion current chromatogram produced
during GC-MS analysis of the concentrate. From this chromatogram
it is evident that at l:ast‘twenty—eight major components are present.
The molecular ion and six most abundant ions in the mass spectrum
obtained of each‘chromatographic peak during GC-MS analysis are
shown in Table VII together with a3 icntative structure. The spectra
obtained are exclusively from aromatic compounds, ranging from a
xylene to a series of dimethylnaphthalenes. We have only given
class names fe.g., C3—sub3tit2ted benzene) to many of the peaks
in Table VII, since accurate retention data will have to be obtained
for a large number of aromatic reference compounds before we can

-

arrive at definitive structural identifications. However in some
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Figure 8. A total ion current chromatogram of cyclohexane
trapped exhaust sample obtained for a CFR engine
using Shell of the Future gasoline as fuel.

The chromatogram was obtained using a 100 ft. x
0.01 in. OV-101 capillary column which was
programmed between 0° and 200° at 2°/min.
ldentities of the lettered peaks are given in

Table VII.
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instanices {e.g., e3l T, m-propy
ethyinaphthalene! the specirz were sufficientiy umique te allow
conplé:e identification.

Comparison of the data in Table VII with those in Table
VI (high molecular weight components of Shell of the Future gasoline)
shows that there are —any cozpenents in common. It cannot be assumed,
however, that this correspondence is due soiely to fuel derived
zaterials. [t may weil be that certain preoporticns cf these exhaust
cozpenents are combustion derived. There appears te be evidence
for combustion derived materials in the exhaust. For exaaple in
Figure 8 peak' i is indene, a cozpound that we have not detected
in the gasolire. There is a possibility however that indene was
present in the gaseoline {since it does occur in crude o0il) but the
concentration may have been toc low for the compound to have been
shown as a discrz.e GZ peak. Additiorally high concentrations cof
pethvldihydéroindenes andfor di:e;hylstytenes {nolecular weight -
132) are evident in the cyclchexare trapped exhaust material whereas
cogppounds haviag sizilar structure were at a considerably iower
relative concentration in the gasoline. 1t would however be necessary -
tc assign definite structures tc the exhaust and gasoline components
of molecular weight 132 before 2 positive'statenent can be made
on whether it was combustien or our trapping zmethod that increased
the concentraticn of certain compounds. Moreover exhaust ccmponents
in addition to being fuel and/or ccembustion derived can also arise
from crank-case lubricating oil decomposition.

The.concentrate obtaired from the cyclchexane trap was




oy

also examined by thin-laver chromatography using silica gel G as
adsorbent and heptane as mobile phase. The bulk of the material
moved in this solvent suggesting that it was hydrocarbon in nature
but a significant proportion remained at the origin of the chromatogram.
This polar fraction gave an intense yellow coloration when sprayed
with an acidic solution of 2:4 dinitrophenylhydrazine indicating
the presence of compounds with carbonyl functionality. These compounds
could be either aldehydes or ketones or a mixture of both and could
readily be separated from the hydrocarbons by preparative thin-layer
chromatography and characterized by GC-MS.

In practice the JXR trap proved to be difficult to use.
The fact that the trap had to te installed in series to the column
caused leaks which were often difficult to remove. In addition
the necessarily large volume of the trap severely increased the
dead-volume causing a marked drop in the efficiency of the column.
We were constantly plaéued with large voiumes of trapped water,
which while not appreciably affecting analytical GC, totglly masked
the organic components in GC-MS analysis. This problem of water
was partially overcome by placing a 3 in. x 1/8 in. potassium carbonate
tube between the JXR trap and the capillary column. Potassium carbona;e
has been c<hown to trap water very cffectively while not removing
significant quantities of hydrocarbons or aldehydes [16]. The material
collectod by the JXR trap was largely aromatic and very similar in
composition to that obtained using the cyclohexane trap. However,
the JXR trapping procedure was technically much more difficult to

carry out.
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Exhaust sazpies oollected in a Mylar Sag and introduced

found to be very rich
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in carbon dioaxide aznd water which resuited in dilution cf the organic

components o such an extent that they could not be identified.

cyclohexane.

CONCLUSIONS

An account has been giver of the way in which combined
gas chromatography-mass spectrometry can be used unambiguously to
assign structures to the individual componeats of gasoline and exhaust
gases. Defects in Tidemtificatior” by gas chromatography have been
pelnted cut.

Contrary tc populuar belief, gasolines are not idemtical
althcucgh they do have many components in comzon. A knowledge of
the composation of varicus gasoiines would be of value to the Air
Rescurces Board for use in discussions with oil companies and organizations
concerned with pollution centrol. In the event that gasoline rationing
is introduced by the Environmental Prctection Agency, it would certainly
be more appropriaté to iimit the sale of specific gasolines proven
to be major contributors< tc pollution, rather than restricting sales
on an “across-the-board” basis. Additienally, if the possibility
of seiective raticning er the basis of gasoline composition were

to be made known, it might well force oil companies to reduce the




concentration of certain gasoiine components that are judged to
be especially detrimental to the envirconment.

We have commented on the high aromatic contents of tnose

gasolines which we have analyzed. The presence of high concentrations

€ these materials would appear to be harmful in themselves from

an evaperative emission standpoint. Also many aromatic compounds
appeared in exhaust samples that we examined. Based on published
data [14] we hcve estimated thal 14% of exhaust is fuel derived

sc the contribution to atmospheric pollution of aromatic compounds
in gasoline is substantial. Additionally, aromatics can be regarded
as potential precursors of even more harmful pollutants. We have
noticed the presence.of indene in exhaust from Shell of the Future

gasoline which indicates that cvelization reactions eccur during

combustion. In a parallel sense it has been shown that the origin

of benzo(a) pyrene in exhaust is oaly 36% fuel derived [5] so clearly
such cyclization reactions during combusticn can be inferred from
other studies.

Another compositional feature of gasolines that has been

of concern to previous workers and ouvrselves is the concentration

TECE

pty

of low molecular weight olefins. In this report we have ncted the

me

substantial 1n£rease that must have occurred in the concentration
of ‘ow molecular weight clefins in the atmosphere when Sheil of

the Future was replaced by Sheli Super Reguiar. >imilar significant
data, which is directly correlatable with photochemical reactivity

and hence smog formation, could be obtained from examinction of

other gasolines.
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Previous GC analyses on hydrocarbons in exhaust samples
seem to hzve placed iittle emphasis on the higher molecuiar weight
components. This fraction of exhaust contains the polycyclic aromatics
which we believe have considerable significance from a toxicological
standpoint. We were therefore particularly pleased with the effectiveness
of cyciohexane for trapping this portion of the exhaust. Suitable
separation technigues such as preparative thin-layer chromatography
(TLC) would undoubtedly furnish “ractions of cyclohexane trapped
exhaust components that are rich in polycyclic aromatics. We have
found that analytical TLC and visualization with 2,4-dinitrophenylhydrazine
gave a strong reaction corresponding to the presence of aldehydes
and/or ketones. It would ba fairly straightforward to isolate such
materials in quantity for ccmplete characterization by GC-MS. We
feel that a cyclohexane tvap could provide samples of aromatic components
wiose composition could be studied and related to type of fuel (e.g.,
leaded vs unizaded) and type of engine (viz., CFR, Oldsmobile V-8
znd Mazda-Wankel rotary). |

Ancther significant fraction of exhaust components could
be okcained by solvent washing exhaust particulates. In all probability
our cyclohexane trapped exhaust components’ajready contain the materials
which could be washed off the particulate matter using solvent.
It would however be interesting to.examine particle adsorbed éomponents
as a discrete fraction.

The data that have been presented in this reun~ * woTe obtained
without the help of a computerized data handling sy<*em. If such
a system had-been available it would have been possible to carry

out complete analyses on a much larger number of samples. The necessity
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for data handling capabilities when dealing with the GC-MS analysis
of complex mixiures hac been accurately and succinctly expressed
Ly Karasex f16] as follows:

“An cperating GC-MS systea generates an incredible

apoun: of data. for a complex mixiure vielding i00

GC peaks during 27 hour's rum, > mass scans of 500

mass units for each GC peak result in 250,000 data

points of mass position and ion intensity to be recorded
and measured. vormalization of each spectrum for
interpretation, correlation of the data with points

on the chromatcgram. and extraction of other interpretive
data increase the effort required. This situation
clearly points 1o the need for use of the data handling

and computaticnal capabilities of a digitzl computer.

¥ithout its use, only 2 small amount of this valuable
information is acquired, and even then at considerabie

expense of time and manpower.”

Further instrumental requirements are indicated for rapid
and accurate analyses of gasoline and exhaust. An appropriate sub-amblent
aétachnent £or the GC ins7rument would allow Teproducible temperature
prograzmed Tuns O be made from -70°C. Additionally it is necessary
:c quantitative GC peaks sc that exact compositional data are available
on individual components of gasolines and exhzuast. Suitable co-ﬁe;cial
integrators fcr GC instruments are readily available.

in conclusion we feei that accurate analytical data of the .
type that have been presented in this report are essential Sefore

meaningful air pollution abatement regulaticns are enacted. Ne believe

that we have demonstrated how readily these data could be obtained.
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REFERENCE HYDROCARBONS™

PARAFFIN C_-C
5 77

Pentane
2-Methylbutane
2,2-Dimethylpropane
Hexane
2-Methylpentane
3-Methylpentane
2,2-Dimethylbutane
2,3-Dimethylbutane
Heptane
2-Methylhexane
3-Methylhexane
3-Ethylpentane
2,2-Dimethylpentane
2,3-Dimethylpentane
2,4-Dimethylpentane
3,3-Dimethylpentane
2,2,3-Trimethylbutane

r»

PARAFFINS CB

Octane
2-Methylheptane
3-Methylheptane
4-Methylheptane

3 Ethylhexane
2,2-Dimethylhexane
,3-Dimethylhexane
,4-Dimethylhexane
5-Dimethylhexane
3-Dimethylhexane
4-Dimethylhexane
Ethyl-2-methylpentane
-Ethyl-3-methylpentane
2
2,
3,
»3,
»2,

I v

»

, -Trimethylpentane
, -Trimethylpentane
, -Trimethylpentane
-Trimethylpentane
3-Tetramethylbutane

NI\JNNN(/I(.N(NL’)I\JNI\)

3-
4-
3-
4-
3

-

* Manufacturer's nomenclature used
in this table.

OLEFINS (.S—C6
1-Pentene
cis-2-Pentene
trans-2-Pentene 4
2-Methyl-1-butene
3-Methyl-1l-butene
2-Methyl-2-butene
1-Hexene
cis-2-Hexene
trans-2-Hexene
cis-3-Hexene
trans-3-Hexene ;
2-Methyl-l-pentene ;
3-Methyl-l-pentene
4-Methyl-1-pentene
2-Methyl-2-pentene
cis-3-Methyl-2-pentene
trans-3-Methyl-2-pentene
cis-4-Methyl-2-pentene
trans-4-Methyl-2Z-pentene
2-Ethyl-1-butene
2,3-Dimethyl-1-butene
3,3-Dimethyl-1-butene
2,3-Dimethyl-2-butene

R P IEC -F

C3 - C4 COMPOUNDS
propane

butane

isobutane

1-butene

cis-2-butene
trans-2-butene
2-methyl-l-propene

ALICYCLIC COMPQUNDS

cyciopentane
methylcyclopentane

cyclohexane
1,1-dimethylcyclopentane
l-cis-2~dimethylcyclopentane
l-trans-2-dimethylcyclopentane
1-cis-~-3-dimethylcyclopentane
l1-trans-3-dimethylcyclopentane



CLEFINS C-.

1-Heptene

cis-2-Heptene
trans-l-Heptene
cis-3-Heptene
trans-3-Heptene
2-Methvl-i-hexene
3-Methyl-lhexene
4-Methyl-1-hexene
S5-Methyrl-1-hexenre
2-Methyl-2-hexene
cis-3-Methyl-2-hexene
trans-3-Methyl-2-hexene
cis-4-Methyl-2-hexene
trans-4 -Methyl-Z-hexene
Cis-5-Methyi-Z-hexene
trans-3-Methyi-Z-hexene
cis-2-Methyl-3-hexene
trans-3-Methyl-3-hexcne
cis-3-Methyi-3-hexene
trans-3-Methy!-3-hexene
2-Ethyi-1-pentene
3-Ethyl-l-pentene
3-Ethyli-Z-pentene
Z,3-Dimethyl-l-pentene
Z,4-Dimethyi-I-pentene
3.3-Dizethyl-1-pentene
,3-Dimethyl-1-pentene
~-Dimethyl-1-pentene
-dizethyl-2-pentene
,3-Dimethyl-2-pentene
1s-3,3-Bimethyl-2-pentene
trans-3,4-Dimethyi-2-pentene
cis-4,4-Dimethyl-Z-pentene
trans-<,4-Dimethyl-2-pentene
2-Ethyi-3-methyl-1i-butene
2,3,3-Trimethvl-1-butene

»
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POLYNUCLEAR ARCMATICS

benzof[ajpyrene
fluoranthene
cryvsene
pyrene
anthracene
perylene

-35-

ALXYLBENZENES CG—C9
Benzene
Methyltenzene
Ethylbenczene
1,2-Bimethyibenzene
1,3-Dimethvibenzene
1.4-Dimethylbenzene
Propylbenzene
1so-Propylbenzene
iI-Ethyl-2-methylbenzene
1-Ethyl-3-pethylbenzene
1-Ethyl-4-methylbenzene
,2,3-1rimethylbenzene
,<,4-Trimethylbenzene

1
1,2
1,3,5-Trirethylbenzene

mono-ALKYLBENZENES C6—Ci

Benzere

Methylbenzene
Ethylbenzene
Propylbenzene
iso-Propylbenzene
Butylbenzene
iso-Butylbenzene
sec-Butylbenczene
tert-Butylbenzene
Pentylbenzene
{(1-Methylbutyl)benzene
{2-Methylbutyl)benzene
(3-Methylbutyli)benzene
(1-Ethylpropyl)benzene
(1,2-Dizethylpropyl)benzene
tert-Pentyibencene
neo-Fentylbenzene

1

il



